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1. Introduction
Polymer electrolyte fuel cells (PEFCs), which are 
candidate next-generation energy conversion systems, 
have low operating temperatures and high power densities 
compared with other types of fuel cells. A conventional 
PEFC system uses fuel gas with a hydrogen concentration 
as high as 90 vol.% [1]. One hydrogen production method 
for PEFC fuel gas is biomass or fossil fuel gasification 
[2,3]. This production method produces not only hydrogen 
but also impurity gases such as carbon monoxide and 
carbon dioxide. Therefore, a purification process is 
required to separate hydrogen from the other impurity 
gases. Current purification processes employ a pressure 
swing adsorption method or a membrane isolation method. 
However, these purification processes consume a large 
amount of production energy, consequently yielding high 
production costs [4,5].  
To improve PEFC power generation performance 
with low hydrogen concentration fuel gas, it is important 
to optimize PEFC operating conditions and design 
separator channels with a geometry that satisfies the 
following condition: the current density distribution and 
chemical species distributions are unified. There are a few 
reports on the optimization of PEFC operating conditions 
and the design of gas flow channels under low hydrogen 
concentration conditions [6]. As the flow and mass transfer 
phenomena between microscopic and macroscopic areas 
are complex, it is very difficult to visualize and measure 
PEFC performance experimentally. Some researchers have 
developed numerical analysis models to examine PEFC 
performance. Recently, PEFC analysis models employing 
a computational fluid dynamics (CFD) technique to 
calculate the transport phenomena of chemical species 
have been reported in detail [7-13]. Zhou and Hashemi 
developed a finite volume method for studying 
multicomponent transport in porous electrodes [14,15]. 
Kopanidis and Taymaz developed a three-dimensional 
model and analyzed large-scale PEFCs with actual 
serpentine flow field [16,17]. However, these studies did 
not focus on PEFC characteristics under conditions of low 
hydrogen concentration.  
In the present work, a PEFC analysis model 
employing three-dimensional CFD was developed to 
analyze current density and hydrogen concentration 
distributions, and the effect of low hydrogen concentration 
on PEFC performance with a serpentine channel was 
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discussed. This study also analyzed U-type channel flow 
to confirm the accuracy of the fluid flow model, and PEFC 
performance tests were performed to validate the 
electrochemical reaction model. 
 
2. PEFC and Anode Separator Channel 
Schematics of a PEFC and the anode separator 
channel are shown in Figure 1. This study used a single 
standard cell developed by Japan Automobile Research 
Institute. The area of the cell membrane was 50 mm × 50 
mm. The width and height of each channel were 1.0 mm 
and 1.3 mm, respectively. The channel comprises a gas 
diffusion layer (GDL) with a depth of 0.2 mm and a 
catalyst layer with a depth of 0.1 mm. NAFION-12, which 
based on platinum, was used as a catalyst in the catalyst 
layer, and its volume fraction was 0.1. The fuel gas, which 
comprises a mixture of hydrogen and nitrogen, flows from 
the channel inlet to the outlet. At the same time, hydrogen 
diffuses through the GDL and into the catalyst layer. 
Electrochemical reactions then occur on the surface of the 
catalyst, and hydrogen is consumed and converted into 
protons and electrons. 
 
3 Numerical Model of PEFC 
This study developed a PEFC analysis model 
comprising two parts: one is a three-dimensional CFD 
model for the anode separator channel, and the other is an 
electrochemical reaction model. In the CFD model, 
equations of continuity, momentum, and mass balance in 
both the anode separator channel and the GDL are 
calculated using a finite difference method. In the 
electrochemical reaction model, this present work extends 
a model developed by Inoue et al.17,18 The present PEFC 
analysis model makes the following assumptions: 
・ The effective porosity and permeability are uniform in 
the GDL; 
・ The heat of reaction is discharged out of the PEFC, 
and the temperature of the PEFC is constant at 353 K; 
・ Water produced by electrochemical reactions and 
humidified water exist as vapor. Reaction area 
reduction caused by flooding and diffusion prevention 
caused by water condensation are also ignored;  
・ The partial pressures of water in the humidified gases 
are equal to the saturated vapor pressure; 
・ The electrolyte membrane is well humidified, and the 
ionic conductivity is constant and uniform; 
・ Gas crossover is disregarded; 
・ The cell voltage is uniform; 
・ The gas concentrations either side of the interface 
between the gas flow channel and the GDL are equal; 
The fluids are incompressible Newtonian fluids and ideal 
gases. The flow conditions are laminar flow. 
 
3.1 Governing Equations of CFD 
The equation of continuity is written as 
   , 
(1) 
where   and  are the density and velocity vector of the 
fuel gas, respectively. The equation of motion in the GDL 
and the separator channel is  
   , 
(2) 
where p and 𝜇  are the gas pressure and viscosity, 
respectively. Su  is a source term in the equation of 
motion that expresses pressure losses in the porous media, 
GDL, and catalyst layer and is given by 
   , 
(3) 
where K and fa are the permeability and porosity of the 
GDL, respectively. The transport equation of chemical 
species is written as 
   , 
(4) 
where Yi denotes the mass fraction of chemical species i 
and YiS  expresses the consumption rate of chemical 
species i. 
eff
iD  is the effective diffusion coefficient of the 
fuel gas and can be calculated as 
   , (5) 
where Di is the diffusion coefficient of chemical species i, 
fa is the effective porosity of the anode, and  is the 
 
(a) PEFC cell 
 
 
(b) Anode separator channel 
 
 
(c) cross section of anode separator channel 
Figure 1: PEFC and separator channel 




tortuosity factor. The fuel gas is treated as an ideal gas that 
obeys 
   . (6) 
3.2   Electrochemical Reaction Model 
In this study, the operation voltage (V) is calculated 
using the following equation: 
   , (7) 
where E is the electromotive force, 
act  is the activation 
over-voltage, 
con  is the concentration over-voltage, 
ohm  is the resistance over-voltage, and the subscripts a, c, 
and m represent the anode, the cathode, and the membrane, 
respectively. In this study, the following parameters 
affecting these over-voltages were used as fitting 
parameters so that the calculation results agreed with the 
experimental data under various conditions; fa is the 
effective porosity of the anode side GDL, fc is the effective 
porosity of the cathode side GDL,  is the transfer 
coefficient of the anode side concentration over-voltage, 
 is the coefficient to calculate the transfer coefficient of 
the activation over-voltage,  and  are the correction 
coefficients to calculate the membrane ionic conductivity, 
and  is the correction coefficients to calculate the 
exchange current density. Although some assumptions and 
aspects of the models are not strict theoretically, the 
following models were developed only to use these values 
as fitting parameters. The details of these over-voltages are 
given in the following sections. 
3.2.1 Electromotive force 
The electromotive force is calculated by means of the 
following Nernst equation: 
   , 
(8) 
where E0 is the standard electromotive force, T is the 
temperature, n is the number of electrons participating in a 





 is the hydrogen partial 








 are the 
partial pressures of oxygen and water in the cathode side, 
respectively.  
3.2.2   Concentration over-voltage 
The anode side and cathode side over-voltages are 
expressed as follows: 
    , 
(9) 
    , 
(10) 
where 
a  and C,1  are the transfer coefficient of anode 
and cathode and correction coefficient as stated above. 
2,HL
i  and 
2,OL
i  are the limiting current densities and can 
be expressed as follows:  
    
    
(11) 
where D is the diffusion coefficient and f is the effective 
porosity of the GDL. The current density i can be estimated 
from the hydrogen concentration gradient in the GDL. In 
fact, the hydrogen concentration in the GDL decreases on 
moving from the separator channel toward the MEA. Here 
we assume that the hydrogen concentration gradient is 
linear and constant in the GDL with a thickness of l, and 
the current density can then be obtained as 
Table 1. Fitting parameters 
Effective porosity 
of anode, fa 
Effective porosity 
of cathode, fc 
Transfer coefficient 
of anode,  
Transfer coefficient of 
cathode,  
Model constant in 
activation over-voltage,   
0.02 0.043 0.10 0.09 0.98 
Table 2. Physical parameters of PEFC 
Supplied pressure, P 101.3 kPa 
Standard electromotive force, E0 1.23 V 
Operating voltage, E 0.5 V 
Diffusion coefficient of H2, DH2O 1.03 × 10−4 m2/s 
Diffusion coefficient of O2, DO2 2.91 × 10−5 m2/s 
Number of electrons participating reaction, n 2 
Ratio of platinum in catalyst, Pt 10% 
Depth of membrane, tm 30 µm 
Depth of GDL, l 300 µm 
 








 is the molar concentration at the interface 
between the separator channel and the GDL, and 
eHC ,2
 is 
that on the surface of the catalyst layer. 
3.2.3 Activation over-voltage 
 In this study, the activation over-voltage was 
calculated using the Butler–Volmer equation with the 
Tafel approximation:      
   , 
(13) 
where 
c,2  is the transfer coefficient estimated by 
Parthasarathy et al.19: 
   , (14) 
and Ae is the effective surface area per unit projected area 
of the electrode and can be calculated using the following 
equation: 
   , (15) 
where mpt is the amount of platinum per unit electrode area, 
and As is the effective surface area per unit of platinum. 
The term 

0i  in Eq. (13) denotes the oxygen exchange 
current density and can be obtained from an equation 
suggested by Yoshikawa et al.20  
3.2.4 Resistance over-voltage 
In this study, the resistance over-voltage is expressed 
by the following equation: 
   , 
(16) 
where t is the thickness of the electrolyte membrane.  
is the ionic conductivity of the membrane, which can be 
calculated using Springer’s model21: 
   . 
(17) 
The term  in Eq. (17) is the anode side water content and 
can be expressed as a function of anode water activity 𝜉𝑎: 
   . 
(18)  
𝜉𝑎 is obtained using the following equation: 
   , 
(19)  
where 
OHx 2  is the molar fraction of water, and 
asatOHP ),(2  is the saturated vapor pressure calculated 
using the Antoine equation.  
3.2.5 Hydrogen consumption rate  
The rate of hydrogen consumption due to 
electrochemical reactions, SH2, is calculated using the 
following equation: 
   , 
(20) 
where the integral is over a unit surface area of the catalyst. 
2H
S  is to calculate as a source term of boundaries.  
3.3  Numerical Simulation System and Method 
The numerical simulation model was developed 
based on OpenFOAM, which is an open-source CFD 
library.22 The governing equations, Eqs. (1)–(6), were 
discretized by a finite volume method and solved using the 
PISO algorithm. In the analysis, advection terms were 
treated by a second-order upwind scheme and diffusion 
terms were treated by a second-order central differential 
scheme. The electrochemical reaction model was coupled 
with OpenFOAM. Hydrogen consumption due to the 
electrochemical reaction in the anode was considered as a 
boundary condition in the chemical species transport 
equations. The parameters used in the electrochemical 
reaction model are listed in Tables 1 and 2. 
 
 
4. Results and Discussion 
4.1  U-type Channel Flow: Comparison of CFD Results 
with Experimental Data 
In this study, the water flow inside a U-type channel 
was calculated as shown in Fig. 2. The water temperature 
was 298 K, its kinematic viscosity was 1.004 × 10−6 m2/s, 
and the average inlet velocity was 0.04 m/s. Figure 3 shows 
calculation results of the x-direction velocity, and the 
results of a laser Doppler velocimetry experiment 
performed by Taninaka et al. are also shown for 
comparison [23]. The calculation results of the CFD model 
show good agreement with the experimental data. This 
study confirmed that the CFD model is able to precisely 
predict serpentine flow-field characteristics.  
4.2 Comparison of Calculation Results of PEFC 
Model with Experimental Data 
To evaluate the electrochemical reaction model, 
performance tests were carried out in this study using pure 
hydrogen fuel gas, and the analyzed results were compared 
with the experimental data. Figure 4 shows a schematic of 
the PEFC performance test apparatus. Hydrogen and 
nitrogen were mixed by mass flow controllers to a 
prescribed concentration and flow rate before being 
supplied to the anode channel. At the same time, pure 
oxygen was supplied to the cathode channel. Both gases 
supplied to the anode and to the cathode were humidified 
so the PEFC operated in the wet state. The operating 
temperature was kept at 353 K during experiments, and the 
standard electromotive force was 0.5 V.  




Figure 5 shows a comparison of the calculation results 
with experimental data in the case of pure hydrogen fuel. 
From the experimental results, the cell voltage gradually 
decreases as the current density increases. The calculation 
results obtained with the PEFC model show the same 
tendency as the experimental results but over a wider 
current density range. Based on these comparisons, the 
PEFC model developed in this study is able to predict 
PEFC performance reasonably well. 
4.3  Effect of Hydrogen Concentration on 
Voltage/Current Density Using Electrochemical 
Reaction Model 
The effect of hydrogen concentration on PEFC 
performance was investigated using the electrochemical 
reaction model. The operating voltage and fuel flow rate 
were set at 0.5 V and 200 sccm (standard cc per minute), 
respectively. Figure 6 shows the relationship between cell 
voltage and current density under two hydrogen 
concentration conditions, 10 and 30 vol.%. When the 
hydrogen concentration is 10 vol.%, the cell voltage 
rapidly decreases with increasing current density, unlike 
 
Figure 4. Experimental apparatus using JARI standard 
PEFC cell 
 
Figure 5. PEFC performance characteristics using pure 
hydrogen fuel: comparison between experiment and PEFC 
reaction model (temperature is 353K) 
 
 
Figure 6. Comparison between results of experiment and 
of PEFC model; effect of hydrogen concentration on 
PEFC performance (fuel supply flow rate is 200sccm). 
 
 
Figure 2. Schematic of U-type channel and LDV 
measurement points of experiment. 
 
Figure 3. x-direction velocity comparisons between 
CFD result and LDV measurement data by 
Taninaka.et al.[23]. 
 




the results of pure hydrogen and 30 vol.% hydrogen. This 
characteristic is caused by concentration over-voltage 
arising from a depletion of hydrogen and reduced ion 
species at the electrode surface. By comparing with the 
experimental data, it is clear that the electrochemical 
reaction model developed in this study gives reasonable 
results even under low hydrogen concentration operating 
conditions.  
4.4 Result of CFD Analysis for Anode Separator 
Channel: Hydrogen and Current Density 
Distributions under Low-Hydrogen Conditions 
Figures 7 and 8 show hydrogen distributions and 
contour maps of current density on the catalyst layer 
surface, for which the calculation conditions were 30 
vol.% hydrogen concentration in the fuel gas with a supply 
flow rate of 100 sccm and 200 sccm, respectively. The 
current density decreases from the inlet to the outlet, and 
the decrease is less under the higher flow rate condition. 
The performance degradation ratios relative to pure 
hydrogen are summarized in Table 3. As shown in the 
figures and the table, the hydrogen concentration and its 
distribution in the anode strongly affect the maximum 
current density. These results lead us to the conclusion that 
the degradation of PEFC performance caused by low 
hydrogen concentration is suppressed by forced 
convection of the fuel gas, even though the concentration 
is as low as 10 vol.%. In addition, geometrical optimization 
of the flow channel could promote a homogeneous 
hydrogen concentration distribution throughout the entire 
anode channel, consequently enhancing PEFC 
performance. 
5. Conclusion 
To evaluate the effect of low-hydrogen conditions on 
PEFC performance, this study developed a PEFC model 
that combines CFD analysis and a PEFC electrochemical 
reaction model, and the effects of low hydrogen 
concentration fuel gas and fuel supply flow rate were 
investigated using the model. The results indicate that the 
developed model is able to accurately predict PEFC 
performance under a wide range of hydrogen 
concentration conditions. The degradation of PEFC 
performance caused by low hydrogen concentration can be 
suppressed by the forced convection of fuel gas. This 
suppression implies that fuel gas with hydrogen 
 
Figure 7. Hydrogen distribution and current density distribution in anode side (fuel supply flow rate and 
its hydrogen concentration are 100sccm and 30%, respectively).   
 
 
Figure 8. Hydrogen distribution and current density distribution in anode side (fuel supply flow rate and 
its hydrogen concentration are 200sccm and 30%, respectively).  
 




concentrations as low as 10 vol.% could be used in PEFCs 
by controlling the fuel supply flow rate. Furthermore, 
geometrical optimization of the separator channel should 
lead to a homogeneous hydrogen distribution in the anode, 
thus improving PEFC performance. The model developed 
in this study is useful in the optimizations of PEFC 
operating condition and separator channel design under 
low-hydrogen conditions. 
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